 PTSD is associated with lower recognition performance for scene images  PTSD is associated with reduced suppression of beta power during encoding in memory  beta power suppression during encoding in memory predicts subsequent recognition  low beta power suppression may reflect the presence of interfering memories in PTSD Abstract: We studied the relationship between electrophysiological markers of memory encoding, subsequent recognition performance, and severity of PTSD symptoms in service members with combat exposure (n=40, age: 41.2 ± 7.2 years) and various levels of PTSD symptom severity assessed using the PTSD Check List for DSM V version (PCL-5). Brain activity was recorded using magnetoencephalography during a serial presentation of 86 images of outdoor scenes that were studied by participants for an upcoming recognition test.
Introduction
An estimated 5-10% of the general population develop post-traumatic stress disorder (PTSD) symptoms after experiencing psychologically traumatic events (Kessler et al. 2005) . These symptoms include re-experiencing of the traumatic event through intrusive thoughts, nightmares or flashbacks, emotional distress and physical reactivity to reminders of the traumatic event, emotional numbing, irritability, and difficulty sleeping and concentrating (Diagnostic and Statistical Manual of Mental Disorders DSM-5, American Psychiatric Association, 2013) . The prevalence of PTSD is relatively high among individuals with military combat exposure: approximately 14% of veterans from Operation Enduring Freedom and Operation Iraqi Freedom have been diagnosed with PTSD (Schell and Marshall 2008) , and the lifetime prevalence of PTSD among Vietnam War veterans has been estimated at about 19% (Dohrenwend et al., 2006) . The PTSD symptoms are accompanied by lower performance on neuropsychological tests of attention, memory and executive function (e.g. Vasterling et al., 1998; Bremner et al., 2004; Yehuda et al., 2005; Aupperle et al., 2012; Scott et al., 2015) .
A better understanding of the neurophysiological mechanisms responsible for this association is important because some of these cognitive impairments are believed to contribute to or exacerbate the core emotional and arousal symptoms of PTSD (Aupperle et al., 2012) and may reduce the effectiveness of cognitive-behavioral therapy for PTSD (Falconer et al., 2013) . In particular, memory impairment in PTSD has been an issue of considerable interest. Besides the phenomenon of vivid intrusive trauma memories that are disabling and difficult to voluntarily suppress, the episodic memory of the index traumatic event is highly fragmented and poorly recalled (Brewin, 2001) and the declarative memory for trauma-unrelated and emotionally neutral information is impaired (Gilbertson et al., 2001; Vasterling et al., 2002; Brewin et al., 2007; Guez et al., 2011) .
A declarative memory impairment is a prominent component feature of a subgroup of PTSD patients that are treatment resistant (Etkin et al., 2019) . The memory deficit in PTSD is often attributed to hippocampal atrophy (Kitayama et al., 2005) , as well as to a chronically elevated level of corticotropin releasing factor (CRF), which is detrimental to hippocampus mediated memory encoding (Bangasser and Kawasumi, 2005) . However, these structural and neuroendocrine mechanisms do not appear to fully account for the memory impairments seen in PTSD. For example, the declarative memory deficit only modestly correlates with the degree of hippocampal atrophy and children with PTSD do not to exhibit hippocampal atrophy despite having declarative memory deficits (Kitayama et al., 2005) . The possible role of altered brain oscillatory dynamics as a mechanistic basis for impaired memory encoding in PTSD has not been investigated, though the important role of such oscillations in memory function in healthy populations has been a topic of intense interest.
Accumulating evidence from electrophysiological studies suggests that brain function relies on a dynamic formation of local neuronal assemblies based on the temporal structure of neuronal spiking and synchronization of oscillatory local field potentials, and on the selection of multiple local assemblies into distributed networks by feedforward and feedback connections (Buzsáki, 2010) . Functional cell assemblies oscillating at a broad range of frequencies are continuously forming and dissolving on a timescale of hundreds of milliseconds in order to meet the demands of ongoing brain activity (Breakspear et al., 2004) . Electrophysiological studies in healthy individuals and in patients with various pathologies have shown that cognitive processing is associated with measurable modulations of oscillatory activity in specific frequency bands (Axmacher et al., 2006; Düzel et al., 2010; Hanslmayer et al., 2012) . Furthermore, impaired cognitive function is related to altered modulation of the oscillatory brain activity in certain neurological disorders (Uhlhaas and Singer, 2006) . It is therefore plausible that some alterations in brain oscillatory activity may represent one factor linking PTSD to altered cognitive performance. Evidence in support of this hypothesis comes from studies that reported abnormal oscillatory activity in patients with PTSD in resting-state (Huang et al., 2014; Misić et al., 2016; Popescu et al., 2016) or during cognitive tasks (Khana et al., 2017; Waldhauser et al., 2018; Popescu et al., 2019) . When they are due to genetic and developmental factors or to the exposure to psychological trauma (acute stress), such alterations in oscillatory activity may represent a risk factor for PTSD symptoms; they may also be caused or exacerbated by the presence of some PTSD symptoms.
In this study, we use magnetoencephalography (MEG) to investigate the relationship between electrophysiological markers of memory encoding, subsequent recognition performance, and severity of PTSD symptoms in service members with combat exposure. The participants in our study had PTSD symptom severity scores spanning a wide range, from very low scores which would not lead to a diagnosis of PTSD to very high scores which would fulfill the criteria for a PTSD diagnosis; the inclusion of participants with low PTSD symptom severity serve to control for trauma exposure in our analysis. We focused our study on memory encoding because it has been suggested that memory deficits in PTSD may be due, at least in part, to difficulties at the time of the encoding (Jenkins et al, 2000; Brandes et al., 2002; Dickie et al., 2008) . We used the subsequent memory paradigm (Sanquist et al., 1980) in which brain activity during encoding in memory is analyzed with respect to performance on a following recognition test. Previous electrophysiological studies that used this paradigm have shown a distinct pattern of modulation of the oscillatory activity in multiple frequency bands during encoding of information that is later remembered compared to information that is forgotten. These studies have typically reported that brain oscillatory activity during encoding of items that are subsequently remembered is characterized by relative increases in power for theta and gamma bands (Sederberg et al., 2003; Osipova et al., 2006; Sederberg et al., 2007;  a review is available in Düzel et al., 2010) and/or decreases in power for alpha and beta bands (Klimesch et al., 1996; Sederberg et al., 2003; Sederberg et al., 2007; a review is available in Hanslmayer et al., 2012) . Most of these studies used visually-presented words as items to be remembered. In our study, we use images of outdoor scenes, which are expected to activate multiple neuronal representations along the ventral visual processing pathway, with posterior representations for attributes of individual scene components and more anterior representations for configural/relational associations between scene elements (Epstein and Kanwisher, 1998; Taylor et al., 2007; Kamps et al., 2016) . Notably, some of the brain regions involved in processing associations for scene elements, such as the parahippocampal cortex, may also play a general role in encoding contextual associations in episodic memories (Aminoff et al., 2013) . This is relevant for PTSD, since theoretical models have proposed that a poor contextual embedding of the visual memories of the traumatic event can facilitate future intrusive memories of the trauma (Brewin et al., 2010; Meyer et al., 2013; Meyer et al., 2017) . The associative memory dysfunction in PTSD appears to extend to trauma-unrelated and emotionally neutral information (Guez et al., 2011) . It is conceivable that such a deficit in associative/contextual memory in PTSD may be due in part to inefficient encoding, which can be manifested in alterations of oscillatory brain activity in visual processing regions that are also essential for the representation of spatial configuration of scene elements. In our study, we use MEG source estimation methods to determine if PTSD is associated with altered modulation of regional frequency-specific oscillatory activity during memory encoding of scenes, with particular interest in the activity of ventral visual processing regions that are involved in the encoding of associative/contextual memories, and whether this altered modulation is predictive of lower subsequent recognition performance.
Methods

Participants
Study participants (n=43, all males) were active-duty service members enrolled in a four-week interdisciplinary intensive outpatient program for patients with post-concussive and post-traumatic psychological health symptoms at the National Intrepid Center of Excellence (NICoE), Walter Reed National Military Medical Center, who completed all sessions of this study. Patients were not included in this study if they had a history of moderate or severe TBI or other neurological, developmental or psychiatric disorders such as stroke, epilepsy, bipolar disorder, etc. The study was approved by the Institutional Review Board of the Walter Reed National Military Medical Center in compliance with all applicable federal regulations governing the protection of human subjects. Informed consent was obtained from each participant before participation in the study.
All participants completed the PTSD Check List for DSM V version (PCL-5), which is a 20-item self-report scale used to screen individuals for PTSD symptom severity and to aid in the diagnostic assessment of PTSD (Bovin et al, 2015; Blevins et al, 2015) . Individual PCL-5 items ask about symptoms of re-experiencing, avoidance, numbing and hyperarousal elicited by stressful experiences and are rated on a scale from 0 to 4 (the total score ranges from 0 to 80, with higher values indicating higher symptom severity). The psychologically traumatic events experienced by participants in the study included highly emotional combat-related experiences, such as receiving incoming artillery, rocket, or mortar fire, seeing seriously injured bodies, seeing or handling human remains, etc. The exposure to combat-related experiences generally occurred over an extended period of time, during which all participants have also experienced mild traumatic brain injuries (mTBI), defined according to the standard criteria (American Congress of Rehabilitation Medicine, 1993) . PTSD is more prevalent in service members or civilians with a history of mTBI (Hoge et al., 2008; Schneiderman et al., 2008; Bryant et al., 2009; Bryant et al., 2010; Yurgil et al., 2014; Stein et al., 2015) .
Participants completed also the Patient Health Questionnaire PHQ-9, which is a brief 9-item depression severity measure with total score range from 0 to 27 (Spitzer et al., 1999; Kroenke et al., 2001) and the AUDIT-C alcohol consumption screening test (Bush et al., 1998) , with total score between 0 and 12. The Wechsler Adult Intelligence Scale (WAIS-IV, Wechsler Adult Intelligence Scale -Fourth Edition, 2008) was administered to the participants by a clinical neuropsychologist as part of their clinical evaluation at the NICoE.
Three participants had to be excluded from the analysis because they had MEG data contaminated by large movement artifacts. Across the remaining participants (n = 40, age 41.2 ± 7.2 years), the mean PCL-5 score was 26.0 ± 18.0, with individual scores ranging from 2 to 71. Thirteen participants (32.5%) had PCL-5 scores lower than 16, fifteen participants (37.5%) had PCL-5 scores in a moderate range between 16 and 32, and twelve participants (30%) had PCL-5 scores equal or higher than 33. Twelve participants met the DSM-V criteria for PTSD, which requires ratings of moderate (2) or above on at least one item in each of the (B) and (C) clusters, and at least two items in each of the (D) and (E) clusters of the PCL-5.
No significant correlations were present between PCL-5 scores and age, education, AUDIT-3 scores and full scale IQ (Table 1) . Two participants had PHQ-9 scores in the range of severe depression (PHQ-9 scores greater than 20). The severity of depressive symptoms was not used as an exclusion criterion for this study given that PTSD and depression share a series of symptoms (anhedonia, sleep disturbances, difficulties concentrating) that are probed by both the PCL-5 and PHQ-9 scales. Twenty participants had a history of mTBI without loss of consciousness (LOC) and twenty participants had at least one mTBI with LOC. The difference between the mean PCL-5 scores for the subgroup of participants who had injuries with LOC (mean PCL-5 score=29.0±17.6) versus the subgroup of participants who had injuries without LOC (mean PCL-5 score=22.9±18.4) was not statistically significant z=1.4, p=0.16 ).
Participants were not excluded from the study based on their use of medications with central nervous system effects. Eight participants were taking antidepressant medication at the time of the MEG recording (Sertraline-4, Fluoxetine-1, Duloxetine-1, Venlafaxine-1, Bupropion hydrochloride-1). Additionally, thirteen participants were taking anticonvulsant medications for headache prophylaxis (Gabapentin). Four patients were taking Prazosin as a treatment for nightmares. Some participants were taking multiple medications (the total number of participants taking at least one type of medication from the categories described above was nineteen). The distribution of PCL-5 scores was not significantly different between non-medicated versus medicated participants p=0.15) . None of the participants in this study, who were all active duty service members, had a history of use or abuse of recreational drugs.
Experimental paradigm
The experiment consisted of two sessions. In the first (memory encoding) session, MEG recordings were performed while participants were shown a series of 86 color images of outdoor scenes (list 1) presented using the Neuroscan Stim2 software (Compumedics Neuroscan, El Paso, TX, USA) on a screen positioned at 95 cm in front of the participants. Each image had a size of 256 x 256 pixels, subtending a visual angle of 8.1 degrees, and was shown for 3 sec in the center of the screen, upon a grey background. The inter-trial interval from the offset of one image to the onset of the next image was 1.5 s. Images were selected from eight different categories included in the urban and natural scene image database developed at the Computational Visual Cognition Laboratory, MIT (Oliva and Torralba, 2001) . These categories were: mountain (10 images), forest (11), coast (11), open country (12), inside city (17), highway (4), street (10) and tall buildings (11). Some of the selected scene exemplars within each of these categories contained similar objects and color schemes, while others were more easily identifiable based on the distinctive details of some objects and/or color schemes.
Participants were instructed to study each image for a later (recognition) test. The first session lasted for approximately 7 min.
In the second (subsequent recognition) session, participants were shown the images from list 1 (referred to as original images) randomly intermixed with a set of 86 novel images. The number of novel images in each category matched the number of original images in that category. In this second session, participants were asked to respond by pressing one button to indicate whether they recognized an image from list 1 and another button in response to novel images. The recognition session followed approximately 5 min after the encoding session.
MEG data were also recorded during the recognition session (the corresponding analysis and results are intended to be presented in a subsequent report focusing on electrophysiological markers of visual recognition and their potential relationship to PTSD).
MEG data acquisition and pre-processing
MEG signals were recorded inside a magnetically-shielded room using the Elekta VectorView™ wholehead MEG system (Elekta-Neuromag, Helsinki, Finland) with 102 triplet-sensors (each made of one magnetometer and two orthogonal planar gradiometers). The head position relative to the sensors was determined with four localization coils attached to the participant's head. The locations of three fiduciary points (nasion, and left and right auricular points) defining the head-frame coordinate system, together with the location of the four localization coils and of a set of head surface points were digitized with a 3D Fastrak digitizer (Polhemus, Colchester, VT, USA) to co-register the MEG data with T1-weighted MRI data acquired in a separate session with a 3T MRI scanner (General Electric, Milwaukee, WI). MEG data were acquired with 1 kHz sampling rate.
Data recorded in the first session were band-pass filtered off-line between 1 Hz and 100 Hz, with a powerline filter at 60 Hz. Filtering was done using frequency domain, zero-phase and zero-delay finite impulse response (FIR) filters implemented in the MNE software (Gramfort et al., 2014) . Data were subsequently processed using the Independent Component Analysis (ICA) Infomax algorithm (EEGLAB, Delorme and Makeig, 2004) . Independent components corresponding to cardiac and eye movements/blinks interferences, as well as other sources of external artifacts (if any) were removed. The mean power of the cardiac and eye movements/blinks signals, each determined separately across magnetometer and gradiometer sensors, was not correlated with the PCL-5 scores (all Spearman correlations rs<0.112, all ps>0.489). The filtered datasets were divided into epochs from −1200 ms to 4000 ms relative to the onset of the images and band-pass filtered in theta (4-7 Hz), alpha (7.5-13 Hz), beta (14-30 Hz) and gamma (35-100 Hz) bands. At this step, band-pass filtering was done using the frequency domain, zero-phase and zero-delay FIR filters implemented in the Brainstorm software (Tadel et al., 2011) . The source reconstruction was performed separately for signals filtered in each of these frequency bands.
Source reconstruction
The cortical surface was determined from the T1-weighted MR images of each participant using the FreeSurfer image analysis software (http://surfer.nmr.mgh.harvard.edu). The source reconstruction was done using the Brainstorm software (Tadel et al., 2011) . Current sources were estimated at 10,000 cortical locations using a minimum norm estimator (Hämäläinen and Ilmoniemi, 1994) and a multiple sphere model of the volume conductor. Cortical currents with unconstrained orientation were estimated using a depth weighting parameter of 0.5 and were subsequently projected on the averaged FreeSurfer template brain. For the analysis in each frequency-band, the inverse projection operator incorporated a diagonal noise-covariance matrix derived from 1 minute long empty room noise recordings. The noise-covariance matrix was computed after filtering the emptyroom noise recordings in the corresponding frequency band. The power of the reconstructed currents was spatially integrated in each of the 84 cortical regions of a modified Desikan-Killiany anatomical atlas (Desikan et al., 2006) . The original Desikan-Killiany atlas with 68 regions was refined by dividing several regions of relatively large area into smaller, functionally more specific sub-regions (details are available in Popescu et al., 2017 ). The regional power estimated at every time sample in each trial was used to determine the averaged power across trials on the temporal interval from 0.3 sec (to exclude the early evoked response) to 3 sec.
Subsequently, the mean regional power computed across all trials in each frequency band was transformed into percent change relative to a baseline interval from -0.7 sec to -0.2 sec with respect to the image onset.
Statistical analysis
The correlation between PCL-5 scores and behavioral performance was evaluated using Spearman rank correlation tests. For the first analysis of the MEG data, we used one-sample t-tests to determine if the relative changes in regional power in each frequency band over the temporal interval from 0.3 sec to 3 sec with respect to the baseline interval are significantly different than zero across the sample of participants. Statistical significance was determined by controlling the false discovery rate (FDR) at 0.05 (to account for multiple comparisons across 84 brain regions). To investigate the brain activity predictive of subsequent recognition ability, we evaluated the Spearman correlation between recognition performance and regional relative change in power in each frequency band over the temporal interval from 0.3 sec to 3 sec (with respect to the image onset).
We evaluated also the Spearman correlations between the PCL-5 scores and the regional change in power to determine if the PTSD symptom severity is associated with any changes in brain oscillatory activity during memory encoding. Since all participants included in the study had a history of mTBI and combat exposure, for this correlation analysis the participants with low PTSD symptom severity (who would not be diagnosed with PTSD) control for the history of mTBI and combat exposure and any effect these two factors might have on the brain oscillatory activity. For each of these tests, statistical significance was determined by controlling the FDR at 0.05.
Results
Behavioral performance
Participants recognized on average 76.0%±12.1% of the original images (range between 46.5% and 95.3%) and correctly categorized as novel 89.9%±7.0% of the novel images (range between 69.8% and 100%). A significant negative correlation was present between PCL-5 scores and the discrimination performance as characterized by the cumulative correct responses to original and novel images (rs=-0.38, p=0.016), indicating lower discriminability for participants with higher PTSD symptom severity. The PCL-5 scores showed also a significant negative correlation with the number of correct responses to original images (rs=-0.37, p=0.02), indicating lower recognition accuracy for participants with higher PTSD symptom severity. The correlation between PCL-5 scores and the number of correct responses to novel images was not statistically significant (rs=-0.23, p=0.16).
The mean reaction times were 1145 ms ± 297 ms for correct responses to original images, and 1230 ms ± 333 ms for correct responses to novel images. No significant correlations were present between PCL-5 scores and mean reaction times to original (rs=-0.10, p=0.52) or novel images (rs=0.04, p=0.79).
Cortical oscillatory activity during memory encoding
Results of the t-tests comparing the relative change in power against baseline are shown for each frequency band in figure 1. For the theta band, significant increases in power were present bilaterally in regions of the occipital lobe, medial and lateral temporal lobe, in the insular cortex, anterior middle and superior frontal gyri, frontal pole and orbitofrontal cortex. Increases in theta band power were also present in the posterior part of the right superior parietal region. A decrease in theta band power was present over the right anterior parietal cortex and right postcentral gyrus. Significant reductions in alpha and beta band power were present over extended networks including regions of the occipital, parietal, medial and lateral temporal lobes, cingulate gyrus, insular cortex and orbitofrontal cortex. Dorso-lateral prefrontal regions showed a decrease only in beta power, which was significant in more prefrontal regions of the left hemisphere than of the right hemisphere. Significant increases in gamma power were localized bilaterally in occipital regions and in the right posterior region of the superior parietal cortex.
The variation of the relative change in power over a finer temporal scale (exemplified in figure 2 for the lateral occipital and parahippocampal regions of the left hemisphere) allows making several observations. The relative change in power has a generally higher magnitude for posterior regions compared to anterior temporal or frontal regions (reflected in the difference in values on the vertical axis between lateral occipital and parahippocampal regions in figure 2). After a transient change immediately following the stimulus onset (during the interval of the early evoked response), the power in each frequency band shows a rather stationary behavior for the duration of the images. After the image offset, the theta power progressively decreases to its baseline level and the alpha power progressively increases to its baseline level. The beta power first rebounds to levels exceeding the baseline level prior to returning to its baseline level. The increase in gamma band power in lateral occipital regions (which was significant compared to its baseline) was very small, in the range of 2%. This suggests that it is possible that increases in gamma power could be present but might be too weak to be detected in some other brain regions more remote from the MEG sensors (such as more anterior temporal and medial temporal regions).
Correlations between cortical oscillatory activity, PTSD symptom severity and subsequent recognition accuracy
Significant positive correlations were found between PCL-5 scores and regional relative change in beta band power (i.e. higher PCL-5 scores were associated with less suppression of beta band power relative to the baseline interval) bilaterally in the fusiform (anterior and posterior parts) and parahippocampal gyri, entorhinal cortex, and the anterior part of the inferior temporal gyrus (figure 3, a) . Significant positive correlations were also found in the medial and lateral orbitofrontal cortex and the temporal pole of the left hemisphere. These results indicate an altered suppression of beta-band oscillations in these regions in participants with elevated PTSD symptom severity. No other significant correlations were found between the PCL-5 scores and the regional relative power in theta, alpha and gamma bands.
Significant negative correlations were found between the recognition accuracy for original images and the relative change in beta power during encoding in bilateral regions of the fusiform (anterior and posterior parts) and parahippocampal gyri. Significant negative correlations were also present in the inferior parietal cortex of the left hemisphere, and in the lateral occipital cortex, lingual cortex, entorhinal cortex, cingulate isthmus and posterior part of the inferior temporal gyri of the right hemisphere ( figure 3, b) . These results indicate that inefficient suppression of beta-band oscillations in these regions while viewing the images result in lower performance during the subsequent recognition of the original images. No other significant correlations were found between the recognition accuracy for original images and the regional relative power in theta, alpha and gamma bands. Table 2 summarizes the brain regions showing significant correlations between the change in beta band power and both PCL-5 scores and behavioral performance, along with the corresponding correlation coefficients and p-values.
The temporal variation in beta band power for regions of the left and right parahippocampal cortex (i.e. two brain regions that showed significant correlations between relative beta band power and both PCL-5 scores and recognition performance) is exemplified in figure 4 for subgroups of participants with high and low recognition accuracy, and high and low PCL-5 scores, respectively. For each of these subgroups, the mean beta band power shows a relative decrease throughout the entire time interval when images are on the screen, followed by a transient increase (rebound) after the image offset. Participants with high PTSD symptom severity show less suppression of beta power during the whole interval when images are on the screen. In a subsequent analysis, we investigated if the relative change in beta band power on the temporal window between 3.3 sec and 3.8 sec (i.e. the temporal interval after the image offset when the beta power rebound is present) is correlated with the subsequent recognition performance or with the PCL-5 scores, respectively, and found no statistically significant correlations in any brain region.
In the previous analyses, we investigated the change in beta band power relative to the baseline interval to mitigate potential effects due to the inter-subject variability in absolute signal power that may be due to factors unrelated to brain electrophysiology. A follow-up analysis conducted on the absolute beta power within the temporal windows from 0.3 sec to 3 sec and from 3.3 sec to 3.8 sec, respectively, showed no significant correlations with PCL-5 scores or behavioral performance.
Single-trial analysis of beta band power
Our results indicate that a reduced suppression of beta band activity relative to the pre-stimulus interval that occurs during encoding in memory is predictive of lower overall performance for subsequent recognition. The regional beta power measured at macroscopic level by MEG could reflect activity generated in neuronal ensembles involved in the encoding of the current image, in neuronal ensembles involved in the maintenance of memory representations of previous images in the sequence of stimuli, and in neuronal ensembles that perform functions that are not directly related with the task. Taking into account that the recognition performance was estimated over the whole series of images presented in the first session and the neuronal representations of images (particularly those from the same category) are prone to forward-acting and backward-acting interference from each other, the relatively high beta band oscillatory power associated with lower subsequent performance can be interpreted in several possible ways: (1) high beta band activity may reflect an inefficient encoding of images due to endogenous transient (re)activation of stored content representations not directly related to the task (e.g. possibly related with the state of the participants) that may interfere with the active processing of the image to be memorized; (2) high beta band activity may reflect in part a forward-acting interference due to the persistence of activity in neuronal ensembles that were recruited during the encoding of previously presented images in the sequence, impeding the effective encoding of following images and thus decreasing the overall recognition performance; and (3) high beta band activity may reflect an efficient way of encoding an image, but at the cost of overwriting previously stored neuronal representations of other images (e.g. through backward-acting memory interference), leading to a lower overall subsequent recognition performance.
Results from previous studies that investigated subsequent memory effects in beta band (SME, reviewed in Hanslmayer et al., 2012) by comparing the neuronal activity elicited during encoding by subsequently remembered versus subsequently forgotten items provided evidence against scenario 3. To search for additional evidence in our own data, we investigated in a follow-up within-subject analysis whether the rate of correct responses differs between trials (images) with high versus low absolute beta power recorded from the same subject. The trials were first sorted based on the absolute beta power values in each brain region and then the rates of correct responses between the set of 30 trials with the lowest beta power (approx. one third of the total number of trials) and the set of 30 trials with highest beta power were compared across subjects using a Wilcoxon signed-rank test. We note that: 1) this analysis is not affected by inter-subject variability in absolute signal power that is due to factors unrelated to the brain electrophysiology because the regional absolute beta power is used only to sort the set of trials (images) from the same subject, and 2) the sorting of trials is specific for each brain region.
For the temporal window from 0.3 sec to 3 sec, this analysis showed that higher subsequent recognition rates were present for trials with low absolute beta power in visual processing regions from the bilateral occipital and posterior-temporal lobes, including the lateral occipital, pericalcarine, lingual and posterior part of the fusiform gyrus, and in the left cuneus. Small effects (significant at p<0.05 uncorrected for multiple comparisons) were also observed in the bilateral cingulate isthmus, right cuneus, precuneus, parahippocampal and superior parietal cortex and in the left pars triangularis ( figure 5, a) . These results indicate that a decrease in beta band power in regions of the visual processing network during image encoding predicts a successful subsequent recognition of the image. Furthermore, they show a strong effect of the inter-trials variability in beta-band power on the recognition rate in posterior (occipital) regions, and a smaller effect in more anterior medial temporal regions (parahippocampal gyrus) and in the left inferior frontal gyrus.
A similar analysis was also conducted for a temporal window from 3.3 sec to 3.8 sec to ascertain the possible effects of the rebound in beta power immediately following the image offset on the subsequent recognition of that image. For this temporal window, higher recognition rates for trials with low absolute beta power was present for several prefrontal regions, including the left rostral middle frontal, pars opercularis, pars triangularis and pars orbitalis, and the right frontal pole. An inverse relationship, reflecting higher subsequent recognition rates for trials with high absolute beta power was observed for bilateral cortical regions of the occipital and parietal lobes, including the lateral occipital, pericalcarine, lingual, cuneus, precuneus, and the superior and inferior parietal cortex ( figure 5, b) . These results show that a relatively higher beta power in posterior visual processing regions after an image goes off the screen may facilitate the subsequent recognition of the image, providing support to the hypothesis that a relative increase in beta band power may reflect at least in part the persistence of oscillatory activity in some neuronal ensembles recruited during the encoding of images, serving a short-term memory role in the absence of concurrent visual input.
Discussion
Our study characterized the frequency-specific modulation of oscillatory brain activity during memory encoding and its effects on subsequent recognition performance that are related to the presence and severity of PTSD symptoms. In our sample of participants with combat exposure, we primarily observed increases in theta and gamma power and decreases in alpha and beta power over distributed brain networks during memory encoding. These results confirm and also extend the findings of previous studies that investigated subsequent memory effects (SME) in healthy participants or in other categories of patients (reviewed in Düzel et al., 2010; Hanslmayer et al., 2012) . SMEs were characterized in those studies by comparing the neuronal activity elicited by subsequently remembered items to that elicited by items that are subsequently forgotten and may be present in a subset of the brain regions that show modulations of oscillatory activity during encoding. We also found a negative correlation between PCL-5 scores and recognition accuracy for original images. Participants with high PTSD symptom severity had a reduced modulation (suppression) of beta band oscillations in bilateral ventral and medial temporal regions and in left orbitofrontal cortex, which was correlated with a lower subsequent recognition performance. Our findings provide support for the hypothesis that memory deficits in patients with PTSD may be due, at least in part, to altered cortical oscillatory physiology at the time of the encoding. In the following, we will discuss the general role of the brain regions with altered modulation of beta band oscillations in memory encoding, the potential mechanisms through which a reduced suppression of beta band oscillations may affect encoding in memory and lower the subsequent recognition accuracy, and how the altered modulation of beta oscillations may be related to core symptoms of PTSD.
The relatively lower modulation of beta band power for participants with high PTSD symptom severity was present in regions of the ventral visual pathway. Many of these regions showed also abnormal activation during a simple picture viewing task in a previous fMRI study on patients with PTSD (Mueller-Pfeiffer et al., 2013) .
Two regions that showed strong correlations between PTSD scores, modulation of beta band power and behavioral performance were localized bilaterally in the fusiform and parahippocampal gyri. There is evidence for a functional organization of information processing in the ventral visual cortex, with neuronal representations for local features or individual elements of an image in posterior regions and processing of global configurations or relational associations of multiple scene elements (possibly achieved through synchronized oscillations and/or convergence of inputs) in more anterior temporal regions (Epstein and Kanwisher, 1998; Taylor et al., 2007; Kamps et al., 2016) . The parahippocampal and fusiform regions presumably incorporate what is known as the parahippocampal place area (PPA) or ventral scene-selective area (VSA) which is centered within the collateral sulcus (which separates the fusiform and parahippocampal gyri) and extends into the medial part of the fusiform gyrus (Nasr et al., 2011; Bastin et al., 2013) . PPA/VSA was shown to respond selectively to complex scenes (e.g. landscapes, city streets, rooms) compared to images from other categories (e.g. objects or faces, Aguirre et al., 1998; Epstein and Kanwisher, 1998; Epstein et al., 1999; Epstein et al., 2007) and is considered to play a key role in encoding both individual elements and global configurations of scenes (Bastin et al., 2013; Kravitz et al., 2011) . Direct electrical stimulation of this region can elicit complex visual percepts including topographic visual hallucinations involving scenes visualized in the past (Bastin et al., 2013) suggesting that it may play a role in re-experiencing of a traumatic event through vivid recollection and flashbacks, which is a core symptom in PTSD (Michael et al., 2005) . The parahippocampal cortex, in particular, has been proposed to play a general role in encoding contextual associations, which represents a key element in both visuospatial processing and episodic memory (Aminoff et al., 2013) . The parahippocampal gyrus is also among the brain regions that have been characterized by alterations in structure by some studies in patients with PTSD (Liu et al., 2012) .
A lower suppression of beta band power in participants with high PTSD symptom severity was also identified in the left medial and lateral orbitofrontal cortex, regions that showed negative correlations between subsequent recognition accuracy and relative beta band power, although of a smaller magnitude compared to the ventral visual processing regions. Lesion studies in monkeys indicated that the orbitofrontal cortex may be critical for the acquisition of new information, including object-in-place scene learning (Meunier et al., 1997; Baxter et al., 2007) . Furthermore, PET studies in humans showed that memory encoding for abstract designs (which are less susceptible to memorization strategies based on narratives or verbal associations) activate the orbitofrontal cortex, although this effect was limited to the right hemisphere (Frey and Petrides, 2000, 2002) . The orbitofrontal cortex may contribute to memory encoding by modulating activity in regions of the ventromedial temporal lobe and hippocampus, e.g. through its connections with the entorhinal cortex (Insausti et al., 1987; Kondo et al., 2005; Insausti and Amaral, 2008) .
In addition to the association between the modulation of beta band power and the severity of PTSD symptoms, the single trial analysis showed a within-subject decrease in recognition accuracy for trials with reduced suppression of (absolute) beta band power during the temporal interval when original images were on the screen. This effect was stronger in posterior (occipital) regions that are likely involved in encoding representations for features of the individual elements of the scene (Kamps et al., 2016) . Since this analysis involved sorting of the trials based on the beta band power, a possible contribution to this finding could come from the fact that estimates of beta band power in single trials may be more reliable for brain regions that are closer to the MEG sensors, due to the higher signal-to-noise ratio. The sign of this correlation agrees with observations from other electrophysiological studies investigating SMEs (Hanslmayer et al., 2012) . The single trial analysis also showed a decrease in recognition accuracy for trials with reduced suppression of beta band power when images were on the screen in left pars triangularis, although this effect was relatively small. A stronger effect (indicative of a negative SME) was observed in prefrontal regions during the temporal interval immediately following the image offset, when occipital and parietal regions show an increase (rebound) in beta band power associated with an increase in recognition rate (indicative of a positive SME). A previous fMRI and EEG study reported negative SME in beta band and a negative correlation between beta power and BOLD signal in left inferior prefrontal cortex, suggesting that this region plays an important role in successful encoding in memory (Hanslmayr et al., 2011) . In our study, the strongest correlation between subsequent recognition performance and beta band power suppression in the left inferior and middle frontal gyri was found during the temporal interval immediately following the image offset, when the left prefrontal cortex does not exhibit the relative increase (rebound) seen in early visual processing regions. A possible explanation of this finding is that the activity in these prefrontal regions could be related to semantic processing and elaboration through generation of verbal descriptions of the image which may have persisted after the image offset. Support for this hypothesis comes from studies showing that lower beta band power is associated with successful encoding for verbal memories (Hanslmayr et al., 2009; Hanslmayr et al., 2011; Long et al., 2014) and from a meta-analysis study (Kim, 2011) which showed that the left inferior prefrontal cortex exhibited greater SME during encoding of verbal compared to pictorial material. In our study, the beta band power in these prefrontal regions did not show a significant association with the PCL-5 scores.
Although the functional role of the beta band oscillations is not completely understood, evidence from electrophysiological studies supports the general views that they may represent the re-activation of neuronal ensembles that perform specific functions (Spitzer and Haegens, 2017) and may reflect the maintenance of a cognitive, emotional or sensorimotor state or status quo (Engel and Fries, 2010) . Some of our findings appear to be consistent with these views. We observed that occipital and temporal brain regions involved in visual processing show a transient rebound of beta band power after the stimulus offset. This finding is consistent with the modulation of beta band power following sensory stimulation that was reported in other studies using visual (Tallon-Baudry et al., 2004) and somatosensory modalities (Spitzer et al., 2010) . The higher recognition rate for those images with higher absolute beta band power in occipital and parietal regions during the interval immediately following the image offset is consistent with a role of beta oscillations in the maintenance of recurrent activity within local neuronal assemblies representing short-term memories for visual information that has just been presented. Simulation studies (Kopell et al., 2011) suggested that one key difference between beta and gamma rhythms comes from the fact that local cell assemblies can sustain beta oscillations in the absence of continuing input, whereas gamma oscillations require ongoing input.
It has been also proposed that the self-sustaining activity in cell assemblies oscillating in beta band does not have a suppressive effect on the activity of other cell assemblies that may be concurrently driven, for example, by sensory inputs (Kopell et al., 2011) . This can allow the formation of unified local cell assemblies corresponding to a neuronal representation linking past and present sensory inputs, thereby encoding potentially meaningful relationships between those inputs and forming a coherent representation of a temporally extended episode. One example can be the formation of neuronal representations for configural/relational associations between scene elements explored sequentially during the visual scanning of a scene. This hypothesis has received support from studies of visual perception, including perception of moving objects (Piantoni et al., 2010; Donner et al., 2007) . Furthermore, an EEG study of beta band oscillations during encoding of different items reported a category-specific beta band activity that appeared to be related to the preservation of information about categories of recently presented items (Morton and Polyn, 2017) . In other cases, however, such integrative processes can be disadvantageous and can degrade task performance, such as in tasks where temporal integration/binding of discrete stimuli is not required. For example, recurrent beta band activations induced by one stimulus in some neuronal assemblies can impede the formation of an accurate independent neuronal representation of another incoming stimulus (unrelated to the first) resulting in forward-acting interference. Studies using multiple trial experiments in which processing of sensory input should remain independent between trials have shown that the power of beta oscillations exhibits an inverse relationship with sensory detection probability (Jones et al., 2010) or decision-making accuracy (Haegens et al., 2014) , indicating that high beta power may have negative effects on sensory relay and processing of sequential stimuli that are behaviorally independent of each other. In our study, the regional beta band power measured at the macroscopic level could reflect activity generated in neuronal ensembles that are involved in the encoding of the current image, maintaining representations of previous images in the sequence, or performing functions that are not directly related with the task. The fact that beta power during image presentation was inversely related to the subsequent recognition accuracy for those images suggests that the measured beta band activity may reflect, at least in part, a forward-acting memory interference from recurrent activations in neuronal assemblies recruited during the encoding of previously presented images or interference due to activity in neuronal assemblies that perform functions unrelated to the task.
The possibility that a reduced suppression of beta band activity may reflect persistent neuronal representations of past visual stimuli, sometimes acting as forward-acting interference during the encoding of new stimuli, may be theoretically linked to previous observations of a deficit in associative memory in PTSD (Guez et al., 2011) . Participants in that study were asked to memorize pairs of unrelated words or pairs of unrelated pictorial stimuli for a later recognition session. The participants with PTSD showed a tendency to erroneously endorse rearranged pairs during the recognition session, reflected in a higher false-alarm rate compared to healthy control participants. Since item pairs were presented in succession during the encoding session (at a rate of 4 seconds per pair), a possible contributor to this phenomenon is the fact that the participants with PTSD had longer lasting neuronal representations for visual stimuli (maintained by recurrent activity and beta band oscillations in regions involved in processing of contextual associations), allowing inadvertent associations to be formed between currently presented items and past items. An impaired ability to encode similar experiences into discrete (non-overlapping) memory representations has been linked to intrusive memories and overgeneralization of fear in PTSD (Meyer et al., 2013; Meyer et al., 2017) .
The reduced suppression of beta band activity during encoding may also reflect a possible interference from recurrent activity in neuronal assemblies that perform functions unrelated to the task. A previous study of resting state oscillatory brain activity reported higher beta band power in patients with PTSD in multiple brain regions including the medial and lateral temporal lobe, orbitofrontal cortex and lingual gyri (Huang et al., 2014) , some of which showing also altered suppression of the beta band oscillations during memory encoding in participants with high PTSD symptom severity in our study. The overlap between the sets of brain regions showing increased power or altered modulation of beta band activity in the two studies may be explained by the fact that at rest thoughts typically do not cease, and a train of thoughts engages some of the areas involved in processing associative relations during the encoding of scene images or episodic memory, such as the parahippocampal gyrus (Aminoff et al., 2013) . Mind-wandering may be present during task performance as well, and it is conceivable that the activity in neuronal assemblies that perform such functions may be influenced during both rest and task performance by factors with some impact on the general state. Sleep disturbances that include, for example, nightmares, distressed awakenings, nocturnal panic attacks and insomnia, are common symptoms of PTSD (Ohayon and Shapiro, 2000; Spoormaker and Montgomery, 2008; Germain, 2013) , and sleep problems following psychological trauma are a strong predictor for future development of PTSD (Koren et al., 2002) . EEG studies in patients with primary insomnia reported an increase in beta band EEG power during wakefulness or at sleep onset (Freedman, 1986; Merica and Gaillard, 1992; Lamarche and Ogilvie, 1997; Wolynczyk-Gmaj and Szelenberger, 2011; Corsi-Cabrera et al., 2012; Colombo et al., 2016) . The increase in beta band power in insomnia was also interpreted as being indicative of a general state of hyperarousal (Rieman et al., 2010; Kay and Buysse, 2017) , which is also characteristic to PTSD. Hence, insomnia and hyperarousal may be linked to higher beta band power during rest or to the altered modulation of beta band power during task performance in participants with high PTSD symptom severity. Although the exact mechanisms underlying such an association are not elucidated and a definitive cause-effect relationship cannot be established, this possible link suggests that therapies designed to alleviate hyperarousal and insomnia, which may include adjuvant therapies that promote a relaxation response, may also be effective at decreasing beta band power during encoding in memory. Since impairments in attention and memory may prevent an effective engagement in cognitive-behavioral therapy (CBT) for a substantial proportion of patients with PTSD, lowering their treatment response (Bradley et al., 2005; Falconer et al., 2013) , such therapies may be also considered as "add-on" interventions that can potentially improve the effectiveness of CBT.
To conclude, while beta band activity is normally seen with MEG and EEG during sensory and cognitive processing in the healthy brain, a reduced suppression of beta band activity during encoding of visual stimuli in patients with PTSD symptoms may promote (or decrease the ability to disengage from) certain cognitive states.
This may have a negative impact when required to encode a significant number of serially presented items. The beta band activity recorded with MEG and EEG may partly arise from recurrent activations of neuronal assemblies recruited during encoding of previous percepts in a sequence of stimuli and may reflect a forwardacting interference that prevents the efficient processing of sequential sensory inputs. This suggests that an altered suppression of beta band activity may be associated to more general difficulties in processing of continuous or rapidly unfolding streams of sensory inputs in PTSD, a hypothesis that can be addressed in future studies. Additionally, our findings raise the potential of a pathologically increased propensity to reactivate memory representations that may not be salient to the current task or thought process but are of general emotional salience to the PTSD patient. These may represent pathological attractor states in neuronal networks.
Such "parasitic attractors" have been described in neural network models of psychiatric disorders (Hoffman and McGlashan, 2001) , and enhanced beta band activity may represent a mechanistic basis for such phenomena.
These attractor states may have an exceedingly low threshold for activation due to a pathologically robust Hebbian strengthening of connections within the cell assembly as well as to other networks. Because of the presence of overgeneralization of fear in PTSD, the perception of otherwise neutral stimuli may invoke a pathological associative reactivation of fear-related stimuli. These may be activated to the level of conscious awareness in the case of intrusive memories or below the level of awareness and contribute to symptoms of anxiety.
One limitation of this study arises from the fact that all participants had a history of TBI, which may contribute to alterations in brain activity. Across our sample of participants, PCL-5 scores were not significantly different for subgroups of participants with different injury severities (characterized by the presence versus absence of injuries with LOC). Nevertheless, future studies would be helpful to determine if the observed correlations between the PTSD symptom severity, altered modulation of beta band power during encoding in memory, and subsequent recognition performance are also present in PTSD patients without a history of TBI.
All participants in our study had a history of combat exposure (acute stress), which helped us to determine that the severity of present PTSD symptoms rather than the history of acute stress is associated with distinct patterns of brain electrophysiology. Future studies using healthy control participants with no combat exposure may help to elucidate if some alterations in beta band oscillations are also present in participants with combat exposure (i.e. who experienced psychologically traumatic events) without PTSD. This research did not receive any specific grant from funding agencies in the public, commercial, or not-forprofit sectors.
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*Full scale IQ information was available for 33 participants (83% of the total). AUDIT-C 3.1 ± 1.8 r=-0.02 p=0.9
Full scale IQ* 114.1 ± 11.9 r=-0.17 p=0.35 Participants were assigned to subgroups using a median split with respect to recognition accuracy (median value=75.7%) and PCL-5 scores (median value=20), respectively. Thirteen patients with low PCL5 scores were assigned to the high recognition accuracy subgroup.
Figure 5.
Results of Wilcoxon signed-rank tests carried out across subjects to compare the rate of correct responses for sets of trials with highest versus lowest regional beta power integrated in temporal windows between 0.3 sec to 3 sec (a) and 3.3 sec to 3.8 sec (b), respectively. Maps of z-values show regions that were significant at p<0.05 uncorrected for multiple comparisons. The thin white lines mark the borders for brain regions with z-values that are significant after adjusting to control the FDR. Positive z-values (red colors) indicate a higher rate of correct responses for trials with lowest regional beta power, while negative z-values (blue colors) indicate a higher rate of correct responses for trials with highest regional beta power. Maps are shown in lateral (upper row) and medial views (middle row) of the two hemispheres, as well as in top and bottom views of the brain (lower row).
